D PREFACE
uring the 21st century, humankind will be confronted with an extraordinary set of challenges. By 2030, it is estimated that 8 billion persons will populate the world-an increase of 2 billion people from today's population. Hunger and poverty around the globe must be addressed, while the life-support systems provided by the world's natural environment are maintained. Meeting these challenges will require new knowledge generated by continued scientific advances, the development of appropriate new technologies, and a broad dissemination of this knowledge and technology along with the capacity to use it throughout the world. It will also require that wise policies be implemented through informed decision making on the part of national, state, and local governments in each nation.
Scientific advances require an open system of information exchange in which arguments are based on verifiable evidence.
Although the primary goal of science is to increase our understanding of the world, knowledge created through science has had immense practical benefits. For example, through science, we have developed a more complete understanding of our natural environment, improved human health with new medicines, and discovered specific plant genes that control disease or drought resistance.
Biotechnology can be defined as the application of our knowledge and understanding of biology to meet practical needs.
By this definition, biotechnology is as old as the growing of crops and the making of cheeses and wines. Today's biotechnology is (James 1999) . However, there has been much debate about the potential benefits and risks that may result from the use of such crops.
The many crucial decisions to be made in the area of biotechnology in the next century by private corporations, governments, and individuals will affect the future of humanity and the planet's natural resources. These decisions must be based on the best scientific information in order to allow effective choices of policy options. It is for this reason that representatives of seven of the world's academies of science have come together to provide recommendations to the developers and overseers of GM technology and to offer scientific perspectives to the ongoing public debate on the potential role of GM technology in world agriculture.
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Summary
I
t is essential that we improve food production and distribution in order to feed and free from hunger a growing world population, while reducing environmental impacts and providing productive employment in low-income areas. This will require a proper and responsible utilization of scientific discoveries and new technologies. The developers and overseers of GM technology applied to plants and micro-organisms should make sure that their efforts address such needs.
Foods can be produced through the use of GM technology that are more nutritious, stable in storage, and in principle health promoting-bringing benefits to consumers in both industrialized and developing nations.
New public sector efforts are required for creating transgenic crops that benefit poor farmers in developing nations and improve their access to food through employment-intensive production of staples such as maize, rice, wheat, cassava, yams, sorghum, plantains and sweet potatoes. Cooperative efforts between the private and public sectors are needed to develop new transgenic crops that benefit consumers, especially in the developing world.
Concerted, organized efforts must be undertaken to investigate the potential environmental effects-both positive and negative-of GM technologies in their specific applications. These must be assessed against the background of effects from conventional agricultural technologies that are currently in use.
Public health regulatory systems need to be put in place in every country to identify and monitor any potential adverse human health effects of transgenic plants, as for any other new variety.
Private corporations and research institutions should make arrangements to share GM technology, now held under strict patents and licensing agreements, with responsible scientists for use for hunger alleviation and to enhance food security in developing countries. In addition, special exemptions should be given to the world's poor farmers to protect them from inappropriate restrictions in propagating their crops. (UNICEF 1998) . In addition to lack of food, deficiencies in micro-nutrients (especially vitamin A, iodine and iron) are widespread. Furthermore, changes in the patterns of global climate and alterations in use of land will exacerbate the problems of regional production and demands for food. Dramatic advances are required in food production, distribution and access if we are going to address these needs. Some of these advances will occur from non-GM technologies, but others will come from the advantages offered by GM technologies.
Achieving the minimum necessary growth in total production of global staple crops-maize, rice, wheat, cassava, yams, sorghum, potatoes and sweet potatoes-without further increasing land under cultivation will require substantial increases in yields per acre. Increases in production are also needed for other crops, such as legumes, millet, cotton, rape, bananas and plantains.
It is important to increase yield on land that is already intensively cultivated. However, increasing production is only one part of the equation. Income generation, particularly in low-income areas, together with the more effective distribution of food stocks, are equally, if not more, important. GM technologies are relevant to both these elements of food security.
In developing countries, it is estimated that about 650 million of the poorest people live in rural areas where the local production of food is the main economic activity. Without successful agriculture, these people will have neither employment nor the resources they need for a better life. Farming the land, and in particular small-holder farming, is the engine of progress in the rural communities, particularly of less developed countries.
The domestication of plants for agricultural use was a longterm process with profound evolutionary consequences for many species. One of its most valuable results was the creation of a diversity of plants serving human needs. Using this stock of genetic variability through selection and breeding, the "Green Revolution" produced many varieties that are used throughout the world. This work, carried out largely in publicly supported research institutions, has resulted in our present high-yielding crop varieties. A good example of such selective breeding was the introduction of "dwarf" genes into rice and wheat, which in conjunction with fertilizer applications, dramatically increased the yield of traditional food crops in the Indian sub-continent, China and elsewhere. Despite past successes, the rate of increase of food crop production has decreased recently (yield increase in the 1970s of 3% per annum has declined in the 1990s to approximately 1% per annum) (Conway and Toennissen 1999) . There are still heavy losses of crops owing to biotic (e.g., pests and disease) and abiotic (e.g., salinity and drought) stresses. The genetic diversity of some crop plants has also decreased and there are species without wild relatives with which to cross breed. There are fewer options available than previously to address current problems through traditional breeding techniques, although it is recognized that these techniques will continue to be important in the future.
Increasing the amount of land available to cultivate crops without having a serious impact on the environment and natural resources is a limited option. Modern agriculture has increased production of food, but it has also introduced large-scale use of pesticides and fertilizers that are expensive and can potentially affect human health or damage the ecosystem. A major challenge faced by humankind today is how to increase world food production and people's access to food, which requires local and employmentintensive staples production, without further depleting nonrenewable resources and causing environmental damage. In other words, how do we move towards sustainable agricultural practices that do not compromise the health and economic well-being of current and future generations? In order to think in terms of States and Canada have centered on increasing shelf life of fruits and vegetables, conferring resistance to insect pests or viruses, and producing tolerance to specific herbicides. While these traits have had benefits for farmers, it has been difficult for the consumers to see any benefit other than, in limited cases, a decreased price owing to reduced cost and increased ease of production Falck-Zepeda et al. 1999) .
A possible exception is the development of GM technology that delays ripening of fruit and vegetables, thus allowing an increased length of storage. Farmers would benefit from this development by increased flexibility in production and harvest.
Consumers would benefit by the availability of fruits and vegetables such as transgenic tomatoes modified to soften much more slowly than traditional varieties, resulting in improved shelf-life and decreased cost of production, higher quality and lower cost. It is possible that farmers in developing countries could benefit considerably from crops with delayed ripening or softening, as this may allow them much greater flexibility in distribution than they have at present. In many cases small-scale farmers suffer heavy losses due to excessive or uncontrolled ripening or softening of fruit or vegetables.
G
The real potential of GM technology to help address some of the most serious concerns of world agriculture has only recently begun to be explored. The following examples show how GM technology can be applied to some of the specific problems of agriculture, indicating the potential for benefits.
Pest Resistance
There is clearly a benefit to farmers if transgenic plants are developed that are resistant to a specific pest. For example, papayaringspot-virus-resistant papaya has been commercialized and grown in Hawaii since 1996 (Gonsalves 1998 ). There may also be a benefit techniques. Even where the same genes for insect or herbicide resistance are useful in different regions, typically these genes will need to be introduced into locally adapted cultivars. There is need, therefore, for more research on transgenic plants that have been made resistant to local pests to assess their sustainability in the face of increased selection pressures for ever more virulent pests.
Improved Yield
One of the major technologies that led to the "Green Revolution" was the development of high-yielding semi-dwarf wheat varieties. The genes responsible for height reduction were the Japanese NORIN 10 genes introduced into Western wheats in the 1950s (Gibberellin-insensitive-dwarfing genes). These genes had two benefits: they produced a shorter, stronger plant that could respond to more fertilizer without collapsing, and they increased yield directly by reducing cell elongation in the vegetative plant parts, thereby allowing the plant to invest more in the reproductive plant parts that are eaten. These genes have recently been isolated and demonstrated to act in exactly the same way when used to transform other crop plant species ). This dwarfing technique can now potentially be used to increase productivity in any crop plant where the economic yield is in the reproductive rather than the vegetative parts.
Tolerance to Biotic and Abiotic Stresses
The development of crops that have an inbuilt resistance to biotic and abiotic stress would help to stabilize annual production. For example, rice yellow mottle virus (RYMV) devastates rice in Africa by destroying the majority of the crop directly, with a secondary effect on any surviving plants that makes them more susceptible to fungal infections. As a result this virus has seriously threatened rice production in Africa. Conventional approaches to the control of RYMV using traditional breeding methods have failed to introduce resistance from wild species to cultivated rice. Researchers have used a novel technique that mimics "genetic immunization" by creating transgenic rice plants that are resistant to RYMV . Resistant transgenic varieties are currently about to enter field trials to test the effectiveness of their resistance to RYMV. This could provide a solution to the threat of total crop failure in the Sub-Saharan African rice growing regions.
Numerous other examples could be given to illustrate the range of current scientific research, including transgenic plants modified to combat papaya ringspot virus (Souza 1999) , blight resistant potatoes (Torres et al. 1999) , and rice bacterial leaf blight (Zhai et al. 2000) ; or as an example of an abiotic stress, plants modified to overproduce citric acid in roots and provide better tolerance to aluminum in acid soils (de la Fuente et al. 1997) . These examples have clear commercial potential but it will be imperative to maintain publicly funded research in GM technology if their full benefits are to be realized. For example, while GM technology provides access to new gene pools for sources of resistance, it needs to be established that these sources of resistance will be more stable than the traditional intra-species sources.
Use of Marginalized Land
A vast land mass across the globe, both coastal as well as terrestrial, has been marginalized because of excessive salinity and alkalinity. A salt tolerance gene from mangroves (Avicennia marina) has been identified, cloned and transferred to other plants. The transgenic plants were found to be tolerant to higher concentrations of salt. The gutD gene from Escherichia coli has also been used to generate salt-tolerant transgenic maize plants (Liu et al. 1999) . Such genes are a potential source for developing cropping systems for marginalized lands (M.S. Swaminathan, personal communication 2000).
Nutritional Benefits
Vitamin A deficiency causes half a million children to become partially or totally blind each year (Conway and Toennissen 1999) . Traditional breeding methods have been unsuccessful in producing crops containing a high vitamin A concentration and most national authorities rely on expensive and complicated supplementation programs to address the problem. Researchers have intro-duced three new genes into rice-two from daffodils and one from a micro-organism. The transgenic rice exhibits an increased production of beta carotene as a precursor to vitamin A and the seed is yellow in color (Ye et al. 2000) . Such yellow, or golden, rice may be a useful tool to help treat the problem of vitamin A deficiency in young children living in the tropics.
Iron fortification is required because cereal grains are deficient in essential micro-nutrients such as iron. Iron deficiency causes anemia in pregnant women and young children. About 400 million women of child-bearing age suffer as a result, and they are more prone to stillborn or underweight children and to mortality at childbirth. Anemia has been identified as a contributing factor in over 20% of maternal deaths (after giving birth) in Asia and Africa (Conway 1999) . Transgenic rice with elevated levels of iron has been produced using genes involved in the production of an ironbinding protein and in the production of an enzyme that facilitates iron availability in the human diet (Goto et al. 1999; Lucca 1999 ).
These plants contain 2-4 times the levels of iron normally found in non-transgenic rice, but the bioavailability of this iron will need to be ascertained by further study.
Reduced Environmental Impact
Water availability and efficient usage have become global issues. Soils subjected to extensive tillage (ploughing) for controlling weeds and preparing seed beds are prone to erosion, and there is a serious loss of water content. Low tillage systems have been used for many years in traditional communities. There is a need to develop crops that thrive under such conditions, including the introduction of resistance to root diseases currently controlled by tillage and to herbicides that can be used as a substitute for tillage (Cook 2000) . Applications in more developed countries show that GM technology offers a useful tool for the introduction of root disease resistance for conditions of reduced tillage. However, a careful cost-benefit analysis would be needed to ensure that maximum advantage is achieved. Regional differences in agricultural systems and the potential impact of substituting a traditional crop with a new transgenic one would also need to be carefully evaluated.
Other Benefits of Transgenic Plants
First generation transgenic varieties have benefited many farmers in the form of reduced production costs, higher yields, or both. In many cases, they have also benefited the environment because of reduced pesticide usage or by providing the means to grow crops with less tillage. Insects are responsible for huge losses to crops in the field and to harvested products in transit or storage, but health concerns for consumers and for environmental impact have limited the registration of many promising chemical pesticides. Genes for pest resistance, carefully deployed in crops to avoid selecting for future pest resistance, provide alternative opportunities to reduce the use of chemical pesticides in many important crops. In addition, lowering the contamination of our food supply by pathogens that cause food safety problems (e.g., mycotoxins) would be beneficial to farmers and consumers alike.
Pharmaceuticals and Vaccines from Transgenic Plants
Vaccines are available for many of the diseases that cause widespread death or human discomfort in developing countries, but they are often expensive both to produce and use. The majority must be stored under conditions of refrigeration and administered by trained specialists, all of which adds to the expense. Even the cost of needles to administer vaccines is prohibitive in some countries. As a result the vaccines often do not reach those in most need. Researchers are currently investigating the potential for GM technology to produce vaccines and pharmaceuticals in plants. This could allow easier access, cheaper production, and an alternative way to generate income. Vaccines against infectious diseases of the gastro-intestinal tract have been produced in plants such as potato and bananas (Thanavala et al. 1995) . Another appropriate target would be cereal grains. An anti-cancer antibody has recently been expressed in rice and wheat seeds that recognizes cells of lung, breast and colon cancer and hence could be useful in both diagnosis and therapy in the future (Stoger et al. 2000) . Such technologies are at a very early stage in development and obvious concerns about human health and environmental safety during production must be investigated before such plants can be approved as specialty crops.
Nevertheless, the development of transgenic plants to produce therapeutic agents has immense potential to help in solving problems of disease in developing countries. Decisions regarding safety should be based on the nature of the product, rather than on the method by which it was modified.
It is important to bear in mind that many of the crop plants we use contain natural toxins and allergens. The potential for human toxicity or allergenicity should be kept under scrutiny for any novel proteins produced in plants with the potential to become part of food or feed. Health hazards from food, and how to reduce them, are an issue in all countries, quite apart from any concerns about GM technology.
Since the advent of GM technology, researchers have used antibiotic resistance genes as selective markers for the process of genetic modification. The concern has been raised that the widespread use of such genes in plants could increase the antibiotic resistance of human pathogens. Kanamycin, one of the most commonly used resistance markers for plant transformation, is still used for the treatment of the following human infections: bone, respiratory tract, skin, soft-tissue, and abdominal infections, complicated urinary tract infections, endocarditis, septicemia, and enterococcal infections.
Scientists now have the means to remove these marker genes before a crop plant is developed for commercial use (Zubko et al. 2000) . Developers should continue to move rapidly to remove all such markers from transgenic plants and to utilize alternative markers for the selection of new varieties. No definitive evidence exists that these antibiotic resistance genes cause harm to humans, but because of public concerns, all those involved in the development of transgenic plants should move quickly to eliminate these markers.
Ultimately, no credible evidence from scientists or regulatory institutions will influence popular public opinion unless there is public confidence in the institutions and mechanisms that regulate such products. As with the development of any new technology, a careful approach is warranted before development of a commercial product.
M
It must be shown that the potential impact of a transgenic plant has been carefully analyzed and that if it is not neutral or innocuous, it is preferable to the impact of the conventional agricultural technologies that it is designed to replace (Campbell and Cooke 1993; May 1999; Toledo et al. 1995) .
Given the limited use of transgenic plants worldwide and the relatively constrained geographic and ecological conditions of their release, concrete information about their actual effects on the environment and on biological diversity is still very sparse. As a consequence there is no consensus as to the seriousness, or even the existence, of any potential environmental harm from GM technology. There is therefore a need for a thorough risk assessment of likely consequences at an early stage in the development of all transgenic plant varieties, as well as for a monitoring system to evaluate these risks in subsequent field tests and releases.
Risk assessments need base line information, including the biology of the species, its ecology and the identification of related species, the new traits resulting from GM technology, and relevant ecological data about the site(s) in which the transgenic plant is intended to be released. This information can be very difficult to obtain in highly diverse environments. Centers of origin or diversity of cultivated plants should receive careful consideration because there will be many wild relatives to which the new traits could be transferred (Ellstrand et al. 1999; Mikkelsen et al. 1996; Scheffler et al. 1993; Van Raamsdonk and Schouten 1997) . For special environments, transgenic plants can be developed using technologies that minimise the possibilities of gene flow via pollen and its effects on wild relatives, through the use of male sterility methods or maternal inheritance resulting from chloroplast transformation (Daniell 1999; Daniell et al. 1998; Scott and Wilkinson 1999) .
Studies of gene transfer from conventional and transgenic plants to wild relatives and other plants in the ecosystem have so far concentrated on species of economic importance such as wheat, oilseed rape and barley. A virtual absence of data, particularly for species like maize, imposes the need to carefully and continuously monitor any possible effects of novel transgenic plants in the field (Hokanson et al. 1997; Daniell et al. 1998) . In addition there is a continued need for research on the rates of gene transfer from traditional crops to indigenous species (Ellstrand et al. 1999 ).
When monitoring a small-scale pilot release of a transgenic crop the following issues should be considered in addition to any concerns specific to a particular local environment:
(a) Does the existence of a transgenic plant with resistance for a particular pest or disease exacerbate the emergence of new resistant pests or diseases, and is this problem worse than that with the traditional alternative? (Riddick and Barbosa 1998; Hillbeck et al. 1998; Birch et al. 1999 ). The balance of funding for this kind of research has shifted significantly during the past decade from the public to the private sector, and there has been a corresponding reduction in national, non-commercial agricultural research capacity that needs to be reversed. Substantial public-sector agricultural research still exists, however, notably in North America, Australia, Europe, China, India, Brazil, and in the Consultative Group for International Agricultural Research (CGIAR) system. The CGIAR system comprises 16 international research centers with interests that include wheat and maize (Mexico), rice (Philippines), potatoes (Peru), and millet and sorghum (India), but the financial support for the CGIAR has been declining in real terms. Whereas fundamental research is still being carried out in the public sector, the strategic application, in sharp contrast to the "Green Revolution," takes place largely in the private sector where much of the intellectual property is controlled.
In these circumstances, research priorities are driven by market forces (e.g., price signals). Companies produce products T whose costs are recoverable in the marketplace. There are also goods that benefit society as a whole rather than individuals and whose costs cannot be recovered in the marketplace (so-called public goods). Public sector funding is needed for such public-good work (Stiglitz 1993) . A classic example of a public good would be an improved plant that can be propagated by farmers with little deterioration, as with self-pollinated (e.g., wheat and rice), or vegetatively propagated (e.g., potatoes) crops. If such crop improvement research were left to normal markets for private provision, then it would be systematically under-supplied. This is a typical feature.
The main reason why aid donors and foundations support international agricultural research is to ensure that public-good research of relevance to small-scale farmers and to complex tropical and subtropical environments is undertaken. If such research were wholly private, even in a perfectly functioning market, the demands of rich consumers for innovation in their own interests would overwhelm the price signals from poor consumers and small-scale farmers.
Given the limited resources so far available to them for research, the non-commercial (public and charitable foundation) sectors have achieved more than could have been expected (e.g., beta-carotene-enhanced rice and rice resistant to the yellow mottle virus). 
CAPACITY BUILDING
he development of a strong capability in the plant sciences is an absolute priority for all national research programs. This is necessary because only local plant breeding can address local agricultural environments and only local initiatives can appreciate cultural preferences. It is very likely that genes and gene functions will, as our understanding grows, be increasingly transferable between crops and between agricultural environments. However, in order for these genes to be incorporated into adapted, tested, safe and effective varieties, a sustained local research capacity will be necessary. This is equally true whether the genes are transferred by GM technology or by conventional breeding.
The international research centers (those under CGIAR sponsorship) and national research programs must use partnerships with advanced research institutions to increase their efforts to extend the new GM technologies to crops such as bananas, plantains, beans, sorghum, wheat, maize, cassava and potatoes, which are important resources for many countries. These centers should also take a lead in developing alliances with advanced and strategic research institutions, both public and private, in order to ensure the transfer of the appropriate technologies. In addition, the new communications technologies should be vigorously supported to facilitate the free exchange of knowledge and best practices among the world's agricultural research and farming communities.
If world agriculture, and developing countries in particular, T are to benefit from the many potential advantages of GM technology, it will be important to promote capacity building in risk management. In order to be effective, the following objectives must be included: To be effective, these conventions should be consistent with each other so as to reduce any distortions in the promotion of innovation by farmers, public research institutions, and for-profit corporations.
At present, it appears that many less developed countries are reluctant to join in international intellectual property agreements on plants because they believe that such agreements will create a system that strongly favors the corporate sector-while simultaneously hampering the public and private sector efforts that support their own citizens. In fact, many of the intellectual property rights that exist today in industrialized nations apply to the tools used in research and development to produce new transgenic plant varieties. If the rights to these tools are strongly and universally enforced-and not extensively licensed or provided pro bono in the developing world-then the potential applications of GM technologies described previously are unlikely to benefit the less developed nations of the world for a long time (i.e., until after the restrictions conveyed by these rights have expired).
Private companies today can obtain plant varieties free of charge from farmers and from non-commercial institutions such as the CGIAR, add one or more proprietary traits, and then release seed with a variety of forms of legal or technical protection against copying, farm retention, or farm-to-farm transmission. Thus, a market-based system exists, based in part on non-reimbursed contributions from farmers and institutions such as the CGIAR.
This heavily concentrates advances in research within companies whose legitimate search for profit naturally fails to focus their research on poverty and long-term sustainability issues. Transgenic plants have intensified the dilemma because a high level of skill and infrastructure is needed to develop them. Moreover, broad patents have been granted to companies that secure their competitiveness in the market place. To help compensate, public-sector research by farmers, the CGIAR, and by national agricultural research systems needs to be strengthened and provided with increased resources and attention-both from governments and from the world's agricultural scientists. In addition, intellectual property rights should be obtained by these public-sector institutions for their discoveries so that these rights can be used in negotiations with the private sector to produce increased public benefit.
Intensive agriculture requires the use of certified seed (i.e., seed free of pathogens, pests, and weeds) and growers purchase new seed every year as an established practice. Most growers plant hybrid varieties of maize (corn) and other crops that are more uniform and vigorous than ordinary varieties because of heterosis (hybrid vigor) and these advantages are lost when second genera-tion seed is used. In addition, some growers are under contract with food processors who demand specific quality standards that require new seed to be purchased annually. However, for some crops (e.g., soybeans) many growers save seed to plant in subsequent years (seed re-use) until reduced yields induce them to buy new seed.
Saving seed is often not an optimal practice for reasons related to the contamination of seed with pests and pathogens. In The seed sold to farmers would be pre-treated with either tetracycline or other chemicals (copper, steroids, etc.).
Most experts agree that there are considerable technical problems yet to be solved and that GURT will not be available for commercialization for several years. The possible commercialization of GURT technology for controlling the use of transgenic plant seeds has generated considerable public debate, being referred to as "terminator technology." On the one hand, growers, especially in developing countries, maintain their right to retain and plant second-generation seeds. On the other, the seed companies seek to obtain a return on investment so that they can continue to invest in new technologies. Both parties, as well as the general public, have an important stake in these issues. There is a clear need for a resolution that serves the wider public interest.
In an alternative GURT, the transgenic traits would be expressed only if a certain chemical activator was applied to seeds or plants. In this case, farmers would retain the ability to save their own seed, yet lack access to the added traits in the absence of payment for chemical activators. 
